The study of enzyme inhibition by substrate analogues is a useful tool in probing structure-function relationships in enzyme action, and has been used to considerable effect with the diamine oxidase isolated from pig kidney . The diamine oxidase (EC 1.4.3.6) which we have isolated and purified from the human placenta has not been studied in such detail, but appears to be of the same type and probably has a protective function in pregnancy, to ensure that concentrations of biogenic amines in the placental microcirculation do not become elevated. It would thus be of interest to the clinician to know if drugs used in pregnancy could modify the activity of the enzyme, and therefore we present results from a study of the effect of substrate analogues on the placental diamine oxidase.
Diamine oxidase catalyses the reaction between two substrates, A and B (diamine and 02), and three products, P, Q and R (an aminoaldehyde, H202 and NH3) . A kinetic study of the enzyme from human placenta indicates a Ping Pong Bi Ter mechanism with the following sequence: al., 1974) . We have tested both mono-and bis-( pounds as potential inhibitors of this c former corresponding to monoamines poor substrates of this enzyme), the latter [which are better substrates when th methylene groups between the charged 4 the appropriate length, i.e. 4-S5 meth (Bardsley et al., 1970 (Bardsley et al., , 1971 ]. We repor Vol. 139 R K1 and AGO, the standard free energy of the enzymeinhibitor interaction, for a total of 44 substrate analogues.
Experimental Materials
Preparation of inhibitors. All inhibitors were prepared by conventional methods , the syntheses being unambiguous and proceeding in high yield.
Preparation of enzyme. Enzyme was purified from fresh placentae by the method of Bardsley et al. (1974) . The purified enzyme, after column chromatography, had an average specific activity (units of enzyme/mg of protein) of 0.6, expressed as p-dimethylaminomethylbenzylamine oxidation at 20°C with air as the gaseous phase. The purest preparation we have obtained had a specific activity of 0.9.
Methods
Spectrophotometric method of assay. All experiments were conducted at 20°C in 0.05M-potassium In the absence of products, the reciprocal initial velocity, l/v, is given by: 1
In the presence of inhibitor, this expression becomes:
The experimental results obtained can be summarized as follows.
1. Sulphonium compounds give competitive inhibition (S-methyltetrahydrothiophenyl iodide, which gives non-competitive inhibition, is the only exception).
2. Trimethylammonium compounds give competitive inhibition (the n = 12 bistrimethylammonium compound, which gives non-competitive inhibition, is the only exception).
3. All other bis-onium compounds give non-competitive inhibition.
4. Most other mono-onium compounds give noncompetitive inhibition (see point 6). Results Table 1 records the inhibitors used in the present study and the type of inhibition produced, together with the K, and AGO values for the effect on the intercept and/or slope.
Typical plots of reciprocal velocity against reciprocal substrate concentration are shown for dimethylsulphonium compounds ( Fig. 1 ), isothiouronium compounds ( Fig. 2 ), guanidinium compounds ( Fig. 3 ) and trimethylammonium compounds (Fig. 4) .
Typical replots ofthe slope ofthe double-reciprocal graphs against inhibitor concentration are shown in 7. The inhibitory potency in any series is approximately isothiouronium = guanidinium>dimethyl-sulphonium >trimethylammonium. The optimum chain length separating the charged species in bis-onium compounds appears to be 5-8 methylene units for maximum inhibition. A separation of 12 methylene units also gives potent inhibition.
8. In any series, bis-onium compounds are not generally more inhibitory than mono-onium compounds.
9. Replots of intercepts and/or slopes against inhibitor concentration were linear for the following compounds: trimethylsulphonium iodide, pentamethylenebisdimethylsulphonium dibromide, pxylylenebisdimethylsulphonium dibromide, methylisothiouronium iodide, pentamethylenebisisothiouronium dibromide, p-xylylenebisisothiouronium dibromide, methylguanidine, pentamethylenebisguanidinium dihydrobromide, tetramethylammonium chloride, pentamethylenebistrimethylammonium dibromide, p-xylylenebisdimethylammonium dihydrochloride, ammonium chloride, ethylamine hydrochloride.
1974 effects are assumed to be due to the variable substrate and inhibitor competing for the same binding site, whereas intercept effects are assumed to be due to the reaction of the inhibitor with enzyme forms to which the variable substrate does not bind.
Slope effects
The results obtained previously (Bardsley et al., 1974) and in the present paper lead us to postulate a negatively charged substrate-binding site on the enzyme surface, similar to that found with pig kidney diamine oxidase, to which one positively charged group of the substrate binds for oxidation. Vol. 139 For the pig kidney enzyme, the amino group to be oxidized then reacts with pyridoxal phosphate at the oxidizing site to form a Schiff base, after which oxidation of the amine takes place.
All the compounds used in this study, being positively charged, can presumably form enzyme-inhibitor (EI) complexes by combining with the negative charge on the substrate-binding site. As K1310,. is fairly constant within any one family of bis-onium compounds, and similar to the value for related mono-onium compounds (Table 1 As all replots of slopes and intercepts were linear, we conclude that no complexes of the type: E+2I = E12 can occur, and that none of the compounds tested were partial inhibitors, i.e. giving alternative reaction pathways.
Intercept effects
If we assume that intercept effects are due to the combination of inhibitor with form F of the enzyme in the Ping Pong Bi Ter sequence, then F+I = Fl would only be inhibitory (FI being a true dead-end complex) when I was an onium compound with the appropriately charged onium species. It would appear that sp2 hybridized groups, i.e. isothiouronium, guanidinium and aromatic species, fulfil this requirement rather better than dimethylsulphonium and trimethylammonium species. This is in accordance with the results from the pig kidney diamine oxidase ).
An approximate measure ofthe free energy ofinteraction between inhibitor and form F would be: isothiouronium species, 21.58-27.05kJ mol-1; guanidinium species, 24.12-27.81 kJ 'mol 1.
A surprising discovery was the effect of the socalled monoamine oxidase inhibitors, harmine and tranylcypramine, both ofwhich were potent inhibitors of the purified placental diamine oxidase. Because of this, we examined the effect of tranylcypramine on purified pig kidney diamine oxidase, and found it to be a potent inhibitor of this enzyme also (K15,1p. = 0.35mM, -AGO = 19.38 kJ * mol.jI; Ki intercept = 0.06mM, -AGO = 23.68kJ-mol-9). Similarly other so-called monoamine oxidase inhibitors (e.g. phenelzine, isoniazid and mebanazine) cause inhibition of diamine oxidase both from human placenta and pig kidney (M. J. C. Crabbe & W. G. Bardsley, unpublished work) . We therefore conclude that compounds that were once regarded as specific inhibitors ofmonoamine oxidase can no longer be thought of in this light, owing to their potent effect on two enzymes of the diamine oxidase type.
